Nanofluids, colloidal dispersions of nanoparticles in a base fluid such as water, can afford very significant Critical Heat Flux (CHF) enhancement. Such engineered fluids potentially could be employed in reactors as advanced coolants in safety systems with significant safety and economic advantages. However, a satisfactory explanation of the CHF enhancement mechanism in nanofluids is lacking. To close this gap, we have identified the important boiling parameters to be measured and have deployed a pool boiling facility to measure them. The facility is equipped with a thin indium-tin-oxide heater deposited over a sapphire substrate. An infra-red high-speed camera and an optical probe are used to measure the temperature distribution on the heater and the hydrodynamics above the heater, respectively. The first data generated with this facility already provide some clue on the CHF enhancement mechanism in nanofluids.
INTRODUCTION
One of the most intriguing features of nanofluids, which are engineered colloidal suspensions of nanoparticles, is their ability to enhance the Critical Heat Flux (CHF) significantly. A synoptic summary of the nanofluid CHF studies reported to date is shown in Fig. 1 . Note that large effects on CHF (up to +200%) are obtained at relatively low nanoparticle concentrations, as low as 0.001%vol. At MIT we are exploring the possibility to exploit the unique heat removal characteristics of nanofluids to improve the safety and/or economics of nuclear systems [Buongiorno and Hu, 2005] . However, a persuasive explanation of the CHF enhancement mechanism in nanofluids is yet to be found. This paper will identify the key boiling parameters needed to close this gap (Section 2), and describe a pool boiling facility to measure them (Section 3). Finally, some preliminary data generated in said facility will be presented (Section 4).
PARAMETERS NEEDED FOR A COMPREHENSIVE INVESTIGATION OF NANOFLUIDS POOL BOILING AND CRITICAL HEAT FLUX

Nucleate Boiling Parameters
At relatively low heat fluxes, nucleate-boiling heat transfer is dominated by the intense agitation and transient conduction within the liquid phase near the surface, as the bubbles grow and depart from the surface. However, at intermediate to high heat fluxes, close to CHF, the latent heat of the bubbles becomes the prevalent heat removal mechanism, so the heat flux, q″, can be written as follows:
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This equation suggests that the bubble departure diameter (D b ), the departure frequency (f b ) and the nucleation site density (N A ) are important parameters to describe nucleate boiling. Numerous models and correlations have been proposed in the past for these parameters. For example: Wang and Dhir (1993) (4) where in addition to the thermo-physical and thermodynamic properties, the contact angle (θ) and the surface superheat (ΔT s ) also appear. The contact angle, which is a measure of the wettability of the surface, deserves particular attention in the case of nanofluids boiling for the following reason. For a generic rough surface the contact angle can be found from the modified Young's equation:
where r is a roughness factor, defined as the ratio of the effective (rough) contact area to the smooth contact area, and γ SV -γ SL is the so-called adhesion tension of the surface materials. In a previous paper [Kim et al., 2006] it was shown that a porous layer of nanoparticles deposits on the heater surface upon nucleate boiling. This layer changes the surface chemical composition, morphology and roughness, and thus the contact angle as well. Indeed it was shown that wettability is greatly affected by the presence of a nanoparticle layer on the surface [Kim et al., 2006] .
CHF Parameters
Despite several decades of intense study a consensus explanation of the physical mechanism causing CHF is yet to be found, even for the simple situation of a pure fluid, let alone nanofluids. Most hypotheses fall into one of the following four categories:
A) Hydrodynamic instability theory, which postulates that CHF occurs when the downflow of fresh liquid to the heated surface is prevented by the rising vapor [Kutateladze and Leont'ev, 1964; Zuber, 1959] . The CHF is calculated as:
where C is an empirical constant depending on the geometry of the heater. The hydrodynamic instability theory notably excludes any effect of the heated surface characteristics (i.e., roughness, wettability, etc.) on CHF, and for this reason has come under wellsubstantiated criticism in recent years (see for example [Theofanous et al., 2002] ).
B) Macrolayer dryout theory, which assumes CHF is the result of dryout of a liquid macrolayer under large mushroom-shaped bubbles hovering above the heated surface for a relatively long time before departing [Haramura and Katto, 1983] . CHF is calculated as:
where α is the void fraction at the surface, f m is the departure frequency of the mushroom bubble, and an expression for the macrolayer thickness (δ e ) has been proposed by Sadisivian et al. [1992] :
which shows the importance of the contact angle.
C) Hot/dry spot theory, which assumes CHF occurs due to an irreversible temperature excursion within localized hot/dry spots the surface [Theofanous et al., 2002] . Theofanous and Dinh [2006] , considered the microhydrodynamics of the solid-liquid-vapor line at the boundary of a hot/dry spot and calculated the CHF as:
Interestingly, this equation and the hydrodynamic theory equation are essentially the same, except for the parameter k, which according to Theofanous and Dinh [2006] "for a well-wetting surface is smaller than for a poorly-wetting surface", i.e., everything else being the same, a well-wetting surface will have a higher CHF than a poorly-wetting surface. D) Bubble interaction theory, which postulates CHF occurs when at high heat flux the bubble number and departure frequency become so high that the bubbles coalesce radially, thus preventing liquid access to the surface [Rosenhow and Griffith, 1956 ]. Another interesting model was suggested by Kolev [2002] who considered the shear force generated by the mutual interaction of the growing and departing bubbles, and the effect such shear force has on nucleate boiling near CHF. According to Kolev's model [2002] the nucleate-boiling heat flux near CHF can be expressed as follows:
which emphasizes the role of the bubble wait time (Δτ w ) and departure time (Δτ d ), but also the role of the surface conditions, including the contact angle, via the nucleation site density.
In summary, a review of the nucleate boiling and CHF state-of-the-art clearly suggests that a credible attempt at explaining the mechanism(s) responsible for the large CHF enhancement observed in nanofluids must include accurate knowledge of the following parameters: -Properties
• Liquid density, viscosity, thermal conductivity and specific heat • Vapor density • Enthalpy of vaporization • Surface tension -Hydrodynamics
• Bubble size • Bubble velocity • Departure frequency (or hovering time)
• Liquid macrolayer thickness • Hot/dry spot dynamics (meniscus behavior) -Surface conditions
• Contact angle (wettability)
• Nucleation site density
Unfortunately, some studies in the literature use poorly-characterized nanofluids with little information about thermophysical properties or even nanoparticle loading and size. Most studies lack the diagnostics necessary for measuring the nucleation site density. Characterization of the near-surface hydrodynamics is typically ignored. The contact angle for nanofluids is rarely measured and wetting effects in general are overlooked. Our research program aims at closing these gaps. The important thermo-physical and thermodynamic properties of nanofluids are routinely measured/estimated in our lab, and typically found to change imperceptibly from those of the base fluid because of the low nanoparticle concentrations used in our tests (<0.1%vol.). The salient characteristics of a facility for measuring the other important boiling and CHF parameters are described next.
DESCRIPTION OF THE MIT NANOFLUID POOL BOILING FACILITY
A schematic and drawing of the facility are shown in Fig. 2 . Boiling occurs on a flat plate consisting of a 24x10 mm 2 , 0.7 μm thick Indium-Tin-Oxide (ITO) heater, vacuum deposited on a 1 mm thick sapphire substrate, purchased from Diamond Coatings Ltd. The ITO heater is connected to a power supply, to control the heat flux at the surface. Heat fluxes as high as 6 MW/m 2 are possible with this configuration, well over the expected CHF for nanofluids. The cell accommodating the test fluid is sealed, includes a condenser and is surrounded by a constanttemperature water bath, to minimize heat losses to the ambient. Several thermocouples within the test cell monitor the bulk temperature of the test fluid. The cell can operate at pressures in the 2 to 200 kPa range, however we plan to run our experiments mostly at atmospheric pressure. To acquire the temperature distribution on the heater surface, an Infra Red (IR) camera measures, via a gold-coated mirror, the IR intensity through the sapphire substrate, which is transparent to light in the IR region. The IR intensity is converted to temperature through calibration. The thinness of the ITO heater guarantees that the IR camera reading from the bottom is an accurate representation of the actual temperature on the top (wet side) of the heater surface.
The surface roughness of the as-purchased ITO glass heater was measured using an atomic force microscope (AFM), and found to be of the order of 20 nm.
Use of the IR camera (vs. the more traditional approach based on thermocouples embedded at discrete positions in the heater) enables mapping of the complete two-dimensional time-dependent temperature distribution on the heater surface. The camera has a space and time resolution of 100 μm and 1 kHz, respectively, which is sufficient to capture the temperature history of individual bubble nucleation events at the nucleation sites. The two-phase flow hydrodynamics above the heater surface, including important parameters such as void fraction, liquid macrolayer thickness, bubble diameter and bubble velocity, are examined with a double-tip optical probe equipped with a precision positioning system that can position the probe tip within 10 μm of the heater surface.
The pool boiling facility is used in a "powercontrolled" mode, which entails a step-wise escalation to CHF. At each intermediate step all important parameters are recorded. The cell has been designed for easy washing and rinsing to remove residual nanoparticles on the walls. As part of the heater "post-mortem" examination, the static contact angle can be measured to assess the change in surface wettability upon precipitation of the nanoparticles.
PRELIMINARY TEST RESULTS AND DISCUSSION
The first series of tests was conducted with an ethanol-based nanofluid with 0.01%vol. alumina (Al 2 O 3 ) nanoparticles and no surfactants. The choice of ethanol vs. water for these preliminary tests was simply driven by the convenience of using a fluid with lower boiling point and CHF. The nanoparticle size distribution was acquired with a dynamic-lightscattering analyzer, indicating an average alumina particle diameter of 118.2 nm.
Boiling tests for pure ethanol and the nanofluid were run and the results compared. The nanofluid exhibited a modest (but not negligible) CHF enhancement, i.e., ∼530 kW/m 2 vs. ∼480 kW/m 2 for pure ethanol. Figures 3 and 4 show series of temperature maps for the whole heater at the onset of CHF, for pure ethanol and the nanofluid, respectively. In these images temperature is represented by the color spectrum ranging from blue (cold) to red (hot). In both cases the CHF progression is characterized by an expanding hot spot. However, there are four remarkable differences in the behavior of the nanofluid.
First, the presence of several nonexpanding hot spots far from the main hot spot. Second, the presence of many cold spots. Third, the endurance of cold patches within and around the expanding hot spot (see, for example, frames 1, 4, 8 and 12 in Fig. 4) . Fourth, the semi-cyclic nature of the hot spot expansion, i.e., the hot spot undergoes two cycles (frames 1-4 and 4-8) in which it first seems to decisively expand, but then retreats to the initial conditions (frames 1, 4 and 8 are virtually indiscernible), before the irreversible runaway occurs (frames 9-15). By contrast, the hot spot in the pure ethanol test seems to expand much more regularly and with a smooth elliptical boundary (Fig. 3) . Figure 5 shows that significant deposition of alumina nanoparticles took place on the ITO heater surface during the nanofluid test, as expected, while the surface remained clean during the pure ethanol test. The key to explaining the aforementioned differences in CHF behavior is likely to lie in this nanoparticle deposition layer. The layer seems to have reduced the contact angle on the heater surface to nearly perfect spreading, though the wettability of ITO by ethanol is very high to begin with (Fig. 6) . Because of the modest improvement of wettability in this case, some other mechanism may be more important in aiding CHF enhancement. For example, the nanoparticle layer may alter the number of nucleation sites, as suggested by the differences in the boiling curves (Fig.  7) and IR images at different heat fluxes (Fig. 8) , and/or assist in dissipating the hot spot by enhancing radial conduction on the surface. The latter effect is typically described by the so-called 'thermal activity', S:
( 1 1 ) which is the product of the heater characteristic dimension (δ) and the heater material effusivity (
). The thermal properties of the materials of interest are reported in Table 1 . The higher the thermal activity, the more effectively conduction can dissipate the hot/dry spot. According to Arik and BarCohen [2003] the effect 'saturates' for S>8 J/(m⋅K⋅s 1/2
). The value of the thermal activity for our ITO heater is about 0.003 J/(m⋅K⋅s 1/2 ), suggesting that rewetting may be conduction limited.
The nanoparticle layer, whose thickness is of the order of a few microns, can add up to 0.1 J/(m⋅K⋅s 1/2 ), which is not a negligible effect.
A more quantitative processing of the IR data about the hot spot will help to sort out the relative importance of these effects in determining the CHF differences observed for nanofluids. 
CONCLUSIONS
To reach a defensible explanation of the mechanism of CHF enhancement in nanofluids, it is necessary to know the fluid properties, hydrodynamic parameters such as the macrolayer thickness, and, importantly, surface parameters such as the nucleation site density and the contact angle. We have deployed a boiling facility where such parameters can be rigorously measured. The data from some preliminary tests with an ethanol-based alumina particle nanofluid suggest that the presence of a nanoparticle layer on the surface may be responsible for the observed CHF enhancement via increase of the surface wettability and/or dissipation of the hot spot by radial conduction. Furthermore, the unique characteristics of the hot spot dynamics in nanofluids at CHF was studied directly with IR thermometry and presented for the first time in this paper. A systematic investigation of boiling and CHF in nanofluids is currently underway in our labs including measurement of key hydrodynamic parameters by means of a double-tip optical probe. 
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